In this study we investigated the effects of Vpr during human immunodeficiency virus (HIV) infection
The human immunodeficiency virus type 1 (HIV-1) accessory gene product Vpr is a 96-amino-acid protein (14 kDa), which is highly conserved in HIV-1, HIV-2, and simian immunodeficiency virus (SIV) (reviewed in references 11 and 35) . Several functional roles of Vpr during HIV replication have been suggested (11, 35) . Unlike other HIV-1 accessory proteins, Vpr is efficiently incorporated into viral particles through an interaction with the p6 domain of the p55 Gag protein (6, 22, 24, 30) . The incorporation of Vpr into progeny virions is highly suggestive of its participation in the early events of viral infection, such as its reported role in the nuclear import of the HIV-1 preintegration complex in nondividing cells (17) . De novo-synthesized Vpr plays an additional role in HIV-1 replication since Vpr that is supplied in trans does not fully complement the replication of Vpr-negative viruses in infected macrophages (8) . Vpr may upregulate viral gene expression. Several studies have shown that Vpr can modestly transactivate the HIV long terminal repeat (LTR) and heterologous viral promoters in dividing cells (7, 37) , and this may be achieved by direct binding to transcription factors TFIIB and Sp1 (1, 37) .
In contrast to its well-documented role in nondividing cells, Vpr's role in HIV replication in dividing cells remains to be fully elucidated. Vpr appears to be dispensable for the in vitro replication of HIV in proliferating T cells and stimulated peripheral blood mononuclear cells (PBMCs) (3, 7, 8, 14, 29, 32) . However, Vpr contributes substantially to HIV-1 replication in these cells since viral replication is increased in dividing cells when Vpr is present under certain conditions, such as at very low multiplicities of infection (MOIs) (3, 8, 29) .
Recent evidence indicates that Vpr induces a cell cycle arrest in the G 2 /M phase in human and primate cells and in HIV-1-infected cells (19, 32) . Vpr proteins from HIV-2 and SIV also cause a G 2 arrest, but this can be species specific (34) . Several studies have provided evidence that Vpr-mediated G 2 arrest occurs as a consequence of the inhibition of the cyclindependent kinase p34 cdc2 activity (4, 15, 31) . The ability of Vpr to induce cell-cycle G 2 arrest was shown to prevent persistent HIV infection in vitro (32) . However, it remains to be established whether the Vpr-mediated G 2 arrest plays a pivotal role in viral replication in vivo.
HIV-1 infection in vivo is characterized by persistent highlevel viral replication with rapid turnover of CD4 ϩ T cells (18, 38) . Both direct and indirect mechanisms have been proposed to account for the decline of CD4 ϩ T cells in HIV-1 infection. Cytotoxic effects and apoptotic events in HIV-1-infected cells have been shown to partly account for these phenomena (12, 21) . A recent report by Stewart et al. (33) indicated that the induction of G 2 arrest by Vpr correlates with the induction of apoptosis, and these authors have proposed that Vpr could contribute to the CD4 ϩ cell depletion in HIV-induced AIDS. In the present study, we use a single-cycle HIV-1 replication system to further characterize the effect of Vpr on viral replication in dividing T cells. Our results indicate that even though Vpr expression increases HIV-mediated cell killing, it also induces a concomitant increase of viral expression and production among surviving cells. Mutagenic analysis reveals that the carboxyl-terminal domain of Vpr is necessary to induce both the G 2 arrest and the cytotoxic effect, suggesting that they are related phenomena. Finally, our results indicate that the Vprmediated increase in viral expression also correlates with its ability to mediate the G 2 arrest. R80A , in which the amino acid Arg-80 in Vpr was substituted for Ala by a two-step PCR-based method essentially as described previously (41) . The nucleotide sequence of the sense mutagenic oligonucleotide is 5Ј-TCGACATAGCGCAATA GGCGT-3Ј. HxBRUR 77f
MATERIALS AND METHODS

HIV molecular clones.
/Env
Ϫ was generated by digestion of the SalI site (nucleotide 5331) in HxBRUR ϩ /Env Ϫ and the religation following blunt ending with the Klenow fragment of DNA polymerase I. These treatments created a frameshift within the Vpr open reading frame at amino acid position 78, as described previously (41) . The HxBH10/Env Ϫ provirus clone encodes a truncated Vpr (R 72f ) (40) . Cell lines, antisera, and chemicals. The Jurkat T-lymphoid cell line used in this study was maintained in RPMI 1640 medium containing 10% fetal calf serum. Human embryonic kidney 293T cells were propagated in Dulbecco's modified Eagle medium supplemented with 10% fetal calf serum. The HIV-1-positive human serum 162 and the rabbit anti-Vpr serum used in this study were as previously described (24) . Chemicals, including propidium iodide (PI), actinomycin D, and Polybrene were purchased from Sigma Chemical, Inc. (Missisauga, Ontario, Canada). The Annexin V-FITC kit (catalog no. 1828681) was purchased from Boehringer Mannheim, Inc. (Laval, Quebec, Canada).
Infection of Jurkat T cells. Vesicular stomatitis virus envelope G glycoprotein (VSV-G) pseudotyped HIV-1 virus preparations were generated by cotransfection of 293T cells (10 6 ) with 12.5 g of envelope-defective HIV-1 proviral DNA and 25 g of VSV-G expression plasmid SVCMV-VSV-G (36) by the calcium phosphate coprecipitation method. At 72 h postinfection (p.i.), cell supernatants were collected, preclarified, and ultracentrifuged at 45,000 rpm in a Beckman 60 Ti rotor for 1 h to pellet the pseudotyped virus. Virus was resuspended in RPMI medium and filtered through a 0.45-m-pore-size filter (Costar, Cambridge, Mass.). Virus stocks were titrated by using the MAGI assay (20) . To infect Jurkat cells, 0.5 ϫ 10 6 cells were incubated with VSV-G pseudotyped virus at different MOIs for 6 h in the presence of Polybrene (10 g/ml). Infected cells were washed twice and cultured at a density of 0.5 ϫ 10 6 cells/ml. To monitor viral production, supernatants in different cultures were collected and replaced with fresh medium at each 12-h interval. Virus levels in the supernatants were measured by an HIV reverse transcriptase (RT) assay (40) .
Cell cycle analysis and Annexin V-PI double staining. Cells were harvested at several time points p.i. and tested for DNA content by flow cytometry analysis. Briefly, cells were washed once with phosphate-buffered saline (PBS) and resuspended in 80% ethanol for 30 min on ice. After an additional wash, cells were treated with 180 U of RNase A per ml and subsequently stained with 30 g of PI per ml in 1 ml of PBS at 37°C for 30 min. The DNA content was then analyzed by FACScan with the Consort 30 software.
The Annexin V-FITC assay was performed as recommended by the manufacturer. Briefly Cell labeling and radioimmunoprecipitation. At different times p.i., Jurkat cells were metabolically labeled with 100 Ci of [ 35 S]methionine per ml for 2.5 h. After labeling, cells and/or supernatants were lysed in RIPA buffer containing 10 mM Tris-HCl (pH 7.4), 1 mM EDTA, 100 mM NaCl, 1% Triton X-100, 0.1% sodium dodecyl sulfate (SDS), 0.25% sodium deoxycholate, and 0.2% phenylmethylsulfonyl fluoride and immunoprecipitated with the HIV-1-positive human serum 162 as previously described (41) . Immunoprecipitates were run on an SDS-12.5% polyacrylamide gel and subsequently analyzed by autoradiography. Densitometric analysis of autoradiograms was performed with a Molecular Dynamics Personal densitometer by using ImageQuant software version 3.22.
RNA extraction and Northern blot hybridization analysis. Cytosolic RNA was isolated from mock-infected, superinfected Vpr Ϫ , or Vpr ϩ -infected Jurkat cells at 6 and 24 h p.i. by a Nonidet P-40 lysis method (28) . For virus entry and steadystate mRNA measurements, cells were washed twice with ice-cold PBS and then treated with 0.1% trypsin-0.02% EDTA for 5 min at 37°C. After treatment, cells were washed twice with PBS and then lysed in Nonidet P-40 lysis buffer or they were cultured for an additional 18 h for the assessment of steady-state HIV-1 mRNA levels. RNA from equal numbers of viable cells were fractionated on a 0.8 M formaldehyde agarose gel and then transferred to a Zetaprobe nylon membrane (Bio-Rad, Mississauga, Ontario, Canada). A 285-bp fragment extending from the transcription initiation site (ϩ1) to the major splice donor site was generated by PCR (27) and used to prepare a 32 P-labeled HIV-1 probe by the random primer method. A 400-bp probe to GAPDH (glyceraldehyde-3-phosphate dehydrogenase) mRNA was similarly prepared to correct for differences in RNA loading. Hybridization and prehybridization were performed in Church's buffer (0.5 M Na 2 HPO 4 [pH 7.4], 7% SDS, 1 mM EDTA, 1% bovine serum albumin).
Quantitation of the autoradiographic signals was performed with a PhosphorImager (Molecular Dynamics, Sunnyvale, Calif.), using the ImageQuant software.
RESULTS
Expression of Vpr increases cell killing during a single cycle of infection of dividing Jurkat T cells.
To evaluate the effect of Vpr on cell viability during HIV-1 infection of dividing T cells, we have used a previously described single-cycle HIV-1 superinfection system (4). The VSV-G pseudotyped HIV-1 viral particles were produced by cotransfection of envelope-defective HIV-1 provirus, either HxBRUR ϩ /Env Ϫ or HxBRUR Ϫ /Env Ϫ , with a VSV-G expressor (SVCMV-VSV-G) in 293T cells. Since HIV-1 envelope was not encoded by the HIV-1 proviral constructs, viral spread and envelope-mediated syncytium formation were prevented, leading to a single viral replication cycle. Infection with VSV-G-pseudotyped HIV-1 viruses at high MOI allows for a simultaneous infection of almost all cells in the population (4) . To test the effect of Vpr expression on the viability of Jurkat T cells, 0.5 ϫ 10 6 Jurkat T cells were infected with Vpr ϩ or Vpr Ϫ pseudotyped HIV viruses at MOIs of 5, 10, and 20. Infection of Jurkat T cells by VSV-G pseudotyped HIV-1 viruses was monitored by using specific Gag p24 immunofluorescence assay. At 48 h p.i., the majority of cells (from 80 to more than 95%, depending on the MOI) were positive for p24 (data not shown). At different time intervals after infection, the number of viable cells were counted by trypan blue exclusion assay. As shown in Fig. 1 , the number of mockand Vpr Ϫ -infected cells increased throughout the time course of the experiment, although at different rates. In contrast, a severe reduction in the growth rate of cells infected with Vpr ϩ viruses was observed, a finding that is most likely due to the cytostatic properties of Vpr (Fig. 1) . Strikingly, with infection at an MOI of 20, the presence of Vpr resulted not only in cell growth arrest but also in a reduction of the life span of infected cells. Cell depletion was clearly observed at 2.5 days p.i., and at 4 days p.i. only 20% of viable cells remained in the infected cultures (Fig. 1c) . The half-life of the infected cells in these cultures was approximately 3 days. Interestingly, the extent of Vpr-mediated cell killing was directly dependent on the infection efficiency, i.e., the number of infected cells expressing Vpr, since an increase in the number of viable cells was observed at day 3 or 5 at MOIs of 5 and 10 ( Fig. 1a and b) . Overall, these results indicate that the expression of Vpr during HIV-1 infection increases cell killing of infected cells.
Investigation of the mechanism(s) involved in the killing of infected T cells mediated by Vpr. To investigate the mechanism(s) underlying the Vpr-mediated cell killing, we evaluated the level of apoptotic cells and necrotic cells after infection of Jurkat T cells with VSV-G pseudotyped Vpr ϩ and Vpr Ϫ HIV viruses. As previously shown, the translocation of the phospholipid phosphatidylserine on the outer layer of the plasma membrane is one of the earliest features of cells undergoing apoptosis and can easily be detected through binding with Annexin V (26) . In order to distinguish between apoptotic and necrotic cells, we costained cells with Annexin V-FITC and PI, a vital dye, and measured the cell-associated fluorescence with a fluorescence-activated cell sorter. At different times after infection, the percentage of apoptotic (Annexin-
) cells within the population was determined (Fig. 2) . At 24 h p.i., the percentages of apoptotic and necrotic cells in infected cultures were similar to that of the control culture (Fig. 2B) . However, induction of apoptotic cells and necrotic cells by viral infection was clearly detected at 48 h p.i. and increased thereafter in all infected cultures compared to noninfected Jurkat cell cultures VOL. 72, 1998 Vpr STIMULATES VIRAL EXPRESSION AND CELL KILLING 4687 (Fig. 2) . Strikingly, the presence of Vpr is associated with a dramatic increase in the percentage of apoptotic cells (26 versus 10% in Vpr ϩ or Vpr Ϫ HIV-1-infected cultures) and necrotic cells (16 versus 6% in Vpr ϩ or Vpr Ϫ HIV-1-infected cultures) after 3 days of infection (Fig. 2B) . These results indicate that the expression of Vpr induces a concomitant increase in levels of both apoptotic and necrotic cells during VSV-G pseudotyped HIV-1 infection in dividing Jurkat T cells. To provide additional evidence of Vpr-mediated apoptosis, we attempted to detect the presence of DNA fragmentation in Jurkat T cells infected with pseudotyped HIV-1 viruses. Our results revealed that a DNA fragmentation pattern showing a characteristic nucleosomal-length ladder was detected in Jurkat T cells infected with Vpr ϩ pseudotyped virus at 3 days p.i. but was not observed in cells infected with Vpr Ϫ viruses or in mock-infected cells (data not shown). These observations are consistent with the recent findings from Stewart et al. (33) demonstrating that expression of Vpr, either alone or in the context of a viral infection, induces apoptosis.
Vpr-mediated cell killing correlates with Vpr's ability to induce G 2 arrest and requires the C-terminal domain of the protein. To establish the relationship between Vpr-mediated G 2 -arrest and Vpr-induced cell killing activities, we evaluated the ability of six VSV-G pseudotyped HIV-1 viruses expressing different Vpr alleles to mediate these cellular effects. The mutations were introduced in the previously identified leucineisoleucine-rich region (LR domain) and in the arginine-rich C-terminal domain of Vpr. Substitution mutations were designed to affect highly conserved amino acids in Vpr. In the LR domain, Val-57 was substituted for Leu (R V57L ) and Ile-63 was substituted for Phe (R I63F ) or Lys (R
I63K
) as described previously (36, 41) . In the C-terminal domain, the amino acid Arg-80 was changed to Ala (R R80A ), as this mutation was previously shown to abolish both the Vpr-induced cell cycle G 2 arrest (9) and apoptosis (33) . Also, two previously described C-terminal frameshift mutants, R 77f and R 72f , which remove the last 19 and 24 amino acids, respectively, were used in this study (41) . All of these Vpr mutants were showed to be abundantly expressed in the VSV-G pseudotyped HIV infection system (data not shown).
We tested each of these Vpr mutants for their ability to induce G 2 arrest. Jurkat T cells were infected with VSV-G pseudotyped HIV viruses harboring the different Vpr mutants, and cell cycle analysis was performed at 48 and 72 h p.i. Among the three Vpr mutants harboring substitutions in the LR domain, R V57L and R I63F mediated a G 2 arrest as efficiently as wild-type Vpr, whereas R I63K showed an impaired ability to induce G 2 arrest (Table 1) . In contrast, all the C-terminal Vpr mutants tested (R 77f , R 72f , and R R80A ) lost their ability to induce G 2 arrest in infected Jurkat T cells ( Table 1) .
The viability of cells infected with VSV-G pseudotyped HIV viruses harboring wild-type or mutated Vpr was also analyzed. As shown in Fig. 3 , R V57L and R I63F induced killing of infected Jurkat T cells as efficiently as did wild-type Vpr, whereas mutant R I63K showed a slightly impaired cytopathic effect. In contrast, viruses harboring the three C-terminal Vpr mutations R 77f , R 72f and R R80A and the Vpr Ϫ virus induced cell killing to a similar extent (Fig. 3) . From these results we conclude that the ability of Vpr to induce cell killing in HIV-infected T cells closely correlates with its ability to disrupt cell cycle progression. Moreover, both of these Vpr-associated phenotypes require the C-terminal domain of the protein.
Effect of Vpr on HIV viral production in dividing T cells. We (this study) and others have shown that Vpr induces G 2 arrest, apoptosis, and cell killing in dividing cells (15, 19, (31) (32) (33) . However, how these Vpr functions affect viral production remains to be evaluated. In the next series of experiments, we investigated the effect of Vpr on viral replication in dividing Jurkat T cells infected with VSV-G pseudotyped Vpr ϩ or Vpr Ϫ HIV-1 viruses at MOIs of 5 or 10. At 12 h intervals p.i., supernatants were collected and viral production was evaluated by measuring virion-associated RT activity. As depicted in Fig. 4A , only minor differences in the level of viral production were observed in the cultures after infection of cells with Vpr results showed that the expression of Vpr mediated cell killing, the value of RT activity was also expressed per number of viable cells in the cultures (RT activity/50 l/10 6 cells). When the RT activities were calculated relative to the number of viable cells, the results revealed that the contribution of each viable cell to viral production increased by approximately threefold in the presence of Vpr (Fig. 4B ). Similar differences were observed at each time point in the kinetic studies.
Interestingly, when the same experiments were carried out with the R R80A mutant, which is unable to mediate cell cycle arrest, the RT activities were comparable to those obtained with Vpr Ϫ viruses (Fig. 4) . These results suggest that the induction of a G 2 arrest by Vpr may indeed stimulate viral production.
Vpr stimulates viral protein and RNA expression in dividing T cells. We next analyzed whether the Vpr-mediated increase in viral production was the result of an increase in viral protein synthesis. At 22 and 30 h p.i., equal numbers of viable cells from VSV-G pseudotyped Vpr ϩ or Vpr Ϫ HIV-infected cultures were labeled with [
35 S]methionine and the HIV viral proteins in cells, and supernatants were immunoprecipitated with an HIV-positive human serum and analyzed on a SDS-12% polyacrylamide gel. The data shown in Fig. 5A clearly show that at these two time points preceding the detection of the apparent cytopathic effects, the presence of Vpr results in an increase of viral protein synthesis. Quantitative analysis of immunoprecipitated protein by densitometry reveals that a twoto threefold increase in the level of viral proteins, including Gag precursor p55 and the cleaved product p24, was observed in both cells and supernatants from cultures infected with Vpr ϩ pseudotyped viruses, compared to cultures infected with (Fig. 5B) . These results strongly suggest that Vpr increases viral production as a consequence of an increased level of viral protein synthesis in infected T cells.
To further understand the mechanism(s) involved in Vprmediated stimulation of viral production, we then analyzed the level of viral RNA expression. For that purpose, we first determined the levels of entry of viral genomic RNA during the adsorption period. After an adsorption period of 6 h with VSV-G pseudotyped Vpr ϩ and Vpr Ϫ HIV-1 viruses, cells were extensively washed and treated with trypsin and EDTA in order to remove bound, noninternalized virus particles, and then cytosolic cellular RNA was extracted. For steady-state mRNA analyses, cells were cultured for an additional 18 h. As shown in Fig. 5C and D, the entry of viral genomic RNA in cells infected with Vpr ϩ and Vpr Ϫ viruses was comparable, as determined by Northern blot analysis as described in Materials and Methods (compare lanes 2 to 3). In addition, cytosolic RNA was extracted from equal numbers of viable cells at 24 h p.i., and steady-state HIV-1-specific RNA levels in infected cells were analyzed by Northern blot analysis. Densitometric analyses from three independent experiments demonstrate that the presence of Vpr results in an average of 2.4-fold (range, 2.1-to 2.7-fold) increase in the number of full-length and spliced viral RNA species in HIV-1-infected cells (Fig. 5C , compare lanes 5 to 6; Fig. 5D, right graph) . These results strongly suggest that Vpr increases viral production by increasing the level of viral RNA in infected dividing T cells.
DISCUSSION
The functional role of Vpr during HIV-1 infection of dividing cells is not fully elucidated. Many studies have documented Vpr-mediated G 2 arrest in different types of dividing cells, including dividing T and HeLa cells (9, 15, 31, 32) , and equally numerous studies have indicated that viral replication is generally not affected by Vpr in T cells (8, 14, 32) . However, experimental approaches used in several studies have not been able to clearly distinguish between both the positive and what appear to be the deleterious effects of Vpr on viral production in dividing cells.
In this study, we have selected a single-cycle superinfection system using VSV-G pseudotyped HIV-1 viruses to achieve simultaneous infection of nearly 100% of cells in culture. This has allowed us to monitor various cellular parameters occurring during infection of dividing Jurkat T cells in the presence of Vpr but in the absence of the HIV envelope gene products which are major determinants of cytopathicity. We determined the time course of Vpr-mediated G 2 /M arrest, apoptosis, and cell killing during HIV-1 infection of dividing T cells. The sequence of these three cellular responses likely reflects their dependence on a common, as-yet-unknown Vpr signaling pathway. Indeed, the first manifestation of a G 2 arrest in cells was observed at an early time p.i. (16 h p.i.) (data not shown), whereas cell killing and apoptosis were detected only at 48 h p.i. Whether another mechanism(s), in addition to apoptosis, is involved in the Vpr-mediated cytopathic effect observed during HIV replication in dividing T cells is still unknown. Indeed, the expression of Vpr induces an increase of necrotic (Annexin-V ϩ PI ϩ ) cells in the infected cultures. However, this accumulation of necrotic cells could represent a late stage of apoptosis as observed in other systems (10) .
The functional relationship that exists between these cellular responses is also pointed out by the loss of the three biological activities upon mutations of the C-terminal portion of Vpr. All of the Vpr mutants tested in our study (R R80A , R 77f , and R 72f ) which are unable to induce a G 2 arrest also lost their ability to induce cell killing. Recently, the R R80A Vpr mutant was also found to be defective in G 2 arrest and apoptosis-promoting activities (33) . These studies indicate that the C-terminal domain of Vpr constitutes an important functional determinant for these Vpr phenotypes.
As observed in our experiments, induction of apoptosis was also detected in the absence of Vpr, suggesting that another viral gene product(s) is involved in this phenomenon. In particular, gp120, Tat, and recently Nef were reported to induce apoptosis and cell toxicity in a variety of cell systems (16, 21, 39) . However, gp120 and Nef are not encoded in our provirus DNA, suggesting that Tat or another uncharacterized viral protein(s) could be involved. In fact, a proper combination of factors could likely affect the final cellular response to Vpr. Interestingly, a recent study has demonstrated that Vpr is able to induce apoptosis in PBMCs but could otherwise protect the cells from T-cell-receptor-triggered apoptosis (2) .
The single-cycle superinfection VSV-G pseudotype HIV-1 system was also used to monitor, in parallel, parameters of viral replication in dividing Jurkat T cells, including viral gene expression and viral production. In these evaluations, we have taken into account the effect of Vpr on cell viability. Our results show that there is a quantitative correlation between the Vpr-induced levels of HIV-1 mRNA, protein synthesis, and viral production after infection.
It is well documented that the presence of Vpr during HIV infection of nondividing cells results in increased viral produc- a Cell-associated DNA content profiles of infected Jurkat T cells were determined by measurement of PI DNA staining as described in Materials and Methods. The ability of each Vpr mutant to induce G 2 arrest was determined by calculating the G 2 /M:G 1 ratio, as described previously (9) . Mock, mock infected; R Ϫ and R ϩ , Vpr Ϫ and Vpr ϩ , respectively. tion and this is likely to be achieved through two steps in the viral cycle, namely, at the level of nuclear transport of the viral DNA and secondly after de novo Vpr synthesis (8) . Vpr was shown to increase expression of a reporter gene under the control of HIV LTR in dividing cells (7, 37) . Thus, Vpr expressed in the context of a viral infection could possibly act in a similar fashion. Interestingly, the Vpr-mediated enhancement of viral expression in our studies correlates with previous observations in a transient Vpr expression system (7). Thus, we favor the scenario in which Vpr participates to increase viral replication both in dividing and nondividing cells by increasing the level of viral RNA. Even though the exact mechanism by which Vpr increases viral expression is still unclear, it is possible that this effect could be due to an increase of viral transcription. Indeed, Vpr was shown to directly bind to the general transcription factors TF-IIB and Sp1 in in vitro assays (1, 37) . Interestingly, the Vpr-mediated increase in viral expression appears to be related to Vpr's ability to induce G 2 arrest. Using pseudotyped virus containing the R R80A mutant, we observed a reduction in the ability of the protein to induce the G 2 arrest, which correlates with a concomitant reduction in the capacity to stimulate viral production. In this respect, a previous study has demonstrated that treatment of cells with 2-aminopurine, a product which induces a cell cycle arrest in the G 2 phase, also results in an increase in transcription from different promoters, including the HIV LTR promoter (25) . The observed fold increase of expression from HIV-1 promoter following the treatment with 2-aminopurine was comparable to that found in our study. This suggests that the G 2 phase could provide a transcriptional environment which is favorable for HIV LTR expression. Indeed, Vpr could both create a favorable transcriptional environment and directly participate in the assembly of the transcriptional machinery on the HIV promoter, leading subsequently to enhanced HIV-1 replication in dividing cells.
The in vitro data presented here suggests that Vpr might act similarly in vivo at the level of gene expression to increase viral replication in dividing T cells. In addition, our data suggest that Vpr could also affect the viability of HIV-infected CD4 ϩ T cells in vivo. The question arises as to whether the ability of Vpr to induce apoptosis and cell killing provides an advantageous environment for viral production in vivo. Several studies have demonstrated the occurrence of single cell killing and apoptosis in HIV-infected T cells and particularly in infected CD4 ϩ T memory cells (5, 12) . In infected individuals, the specific killing of immune cells, including memory T cells, could contribute to limit the HIV-directed immune response, providing an advantage for viral replication. In addition, apoptosis of HIV-1-infected cells could also theoretically increase the transmission of viral infection to macrophages through apoptotic body phagocytosis (23) . Moreover, in addition to its effect on viral replication, Vpr may also play a role in AIDS pro- 3 and 6) VSV-G pseudotyped HIV-1 particles at an MOI of 10 for 6 h. Cytoplasmic RNA was isolated from cells (lanes 1 to 3), or cells were cultured for an additional 18 h for steady-state mRNA measurements (lanes 4 to 6). RNA was fractionated, transferred to a nylon membrane, and probed sequentially with a 32 P-labeled 285-bp probe for the HIV-1 5Ј leader sequence and a 400-bp probe for GAPDH. The signals for internalized genomic RNA following the adsorption period are indicated by the arrowheads. (D) Results of densitometric scanning of internalized genomic RNA signals of panel C, lanes 2 and 3, and of the total of the spliced and unspliced RNA signals in lanes 5 and 6 of panel C. All signals were related to GAPDH. Relative optical density and fold increase in HIV-1/GAPDH mRNA were both related to the Vpr Ϫ lane (set to 1). The densitometric values were highly reproducible. The standard deviation was less than 5%.
gression by contributing to HIV-mediated depletion of CD4 ϩ T cells. We note that after the original submission of this report, Goh et al. also established a relationship between the abilities of Vpr to arrest cells in G 2 and to increase viral gene expression (13) .
